Abstract: Turnovers in the National Football League (NFL) occur whenever a team loses possession of the ball due to a fumble, or an interception. Turnovers disrupt momentum of the offensive team, and represent lost opportunities to advance downfield and score. Teams with a positive differential turnover margin in a given game win 70% of the time. Turnovers are statistically rare events, occurring apparently randomly. These characteristics make them difficult to predict. This investigation advances the hypothesis that turnovers are predictable in NFL football. Machine learning models are developed to learn the concept: At any point within a football game, what is the likelihood that a turnover will be observed on the next play from scrimmage? NFL play-by-play data for 32 teams spanning seven full seasons were used to train the models. Results presented suggest evidence to support the working hypothesis. Under certain conditions, both fumbles and interceptions can be anticipated at low false discovery rates (less than 15%). When a turnover is predicted on the impending play from scrimmage, a high degree of confidence is associated with that prediction. The ability to anticipate catastrophic in-game events may lead to their management and control, ultimately improving the performance of individual athletes and their teams. This investigation contributes to the sports science literature by demonstrating the predictability of in-game events often considered to be essentially random in their occurrence. To the author's knowledge, direct prediction of turnovers has not previously appeared in the literature, which has focused on retrospective statistical analyses of turnover margin in football games.
Introduction
Turnovers in the National Football League (NFL) occur whenever a team loses possession of the ball due to a fumble, or an interception. A fumble is any act other than passing, handoffs, or legally kicking the ball, which results in a loss of possession from offense to defense. Interceptions occur when a defender catches a pass or fumble that does not touch the ground [1] . Turnovers disrupt the momentum of the offensive team, and represent lost opportunities to advance downfield and score.
A positive differential turnover margin in a given game is a significant predictor correlated with winning that game [2] . One analysis of multi-season game outcomes found that teams having a single turnover less than their opponent were victorious 70% of the time [3] .
Turnovers may be caused by any number of factors, including physical collisions, mistakes in play execution or lapses in player concentration. In statistical terms, turnovers are rare events. Less than 3% of passes are intercepted, and less than 1% of run plays end in fumbles being recovered by the defensive team. Turnovers appear to be random events [4] ; previous work concluded that roughly equal parts chance and talent accounted for year-over-year variations in turnover differential for a given team [3] . Within a season, NFL turnovers are only weakly correlated with prior game performance [5] .
These characteristics-rarity, irregular but recurrent appearance, and costliness in their effect-suggest a connection with so-called "extreme" events in dynamical systems, which are inherently difficult to predict [6] .
The ability to anticipate turnovers with some degree of statistical confidence potentially offers significant value for in-game strategies to mitigate their negative consequences.
This investigation tests the hypothesis that turnovers are predictable in NFL football. Statistical models that predict the likelihood of observing a turnover on a given play from scrimmage are developed, and evaluated using play-by-play data from seven NFL seasons.
Methods

Gradient Boosted Machine Learning
The concept to be learned in this investigation is this: At any point within a football game, what is the likelihood that a turnover will be observed on the next play from scrimmage?
The specific objective is to learn an unknown function F that maps explanatory variables x = {x 1 , . . . , x d } to the response y, or F : x → y, where x represents the game situation, and y ∈ {0, 1} is the binary decision (no turnover, turnover). A collection of training examples T = {(x i , y i ), i = 1, . . . N} is used to estimate an approximation to F, orF(x) = y, by an adaptive learning algorithm known as the "gradient boosting machine" [7, 8] .
Gradient boosting machines (GBMs) are learning algorithms that reconstruct a decision function F based on the consensus of an ensemble of classification or regression trees. New decision tree models are sequentially added to the ensemble, in order to increase the estimation accuracy of the response variable. The numerical optimization minimizes an expected lossF(x) = argmin F E y,x L(y, F(x)) of a group of trees, conditioned over the entire training data set [7] . The loss function can be selected according to a given learning concept and joint probability distribution f (x, y) under study. Here, we use a Bernoulli distribution loss function, convert the classification to a continuous value via logistic regression and estimate the turnover probabilityp(
A useful property of GBMs in applications is interpretability through calculation of the relative influence of explanatory variables in constructing a consensus decision. The influence of each input variable x j in a given tree is based on the frequency of its selection for splitting in non-terminal nodes, and its contribution to successful model classification over the data sample. This influence is averaged over the ensemble of trees to estimate the variable's overall importance to the decision functionF [7] . In the current investigation, this interpretation may provide insight into the game conditions under which turnovers might be expected to occur.
Gradient boosting machine models were developed and evaluated in R, using the "gbm" package [9, 10] .
Sample, Segmentation and Features
The population under study consists of NFL season, game, player and play-level data for complete seasons 2009 through 2015, covering all 32 teams. Game data were downloaded from the site www.nfl.com using utilities provided by "nflscrapR" [11] . These data were preprocessed by (1) sampling by season and team; (2) filtering by play type, to include only plays from scrimmage (run, pass or sack); (3) annotating by status of turnovers (true, false) observed on each play; (4) constructing feature vectors using attributes of the play-by-play and game contextual data.
This sample comprised 300,450 plays. Running plays represented 31.7% of all plays, passes 42.1%, and sacks only 2.9%. Although sack-fumbles lost are significant events (5.1% of sacks produce turnovers), we decided to exclude sacks from further consideration due to their negligible numbers relative to run and pass plays. To make this predictive analysis useful in practice, it is prudent to categorize turnover events in association with scrimmage plays that could reasonably be anticipated by a defensive team, based on offensive formation.
After excluding sack plays, the sample contained 291,675 plays, with an overall turnover prevalence of 1.633% for pass and run plays, combined. Pass plays made up 43.4% and runs 32.6% of the resultant dataset.
Two partitioning schemes were applied to the sample. First, an aggregate sample of all 32 NFL teams was created to assess whether invariant patterns of turnover predictability could be determined. Second, individual team samples were assembled to develop team-specific models of turnovers. Seven full season-long records were used for all sample datasets.
Predictive models were trained and evaluated for each sample. These samples were segmented by distinct event types-(1) Run plays; (2) Pass plays; and (3) Run or Pass plays combined.
Feature vectors for learning were constructed from available fields in the play-by-play data. Numeric data were normalized by characteristic length and time scales. Categorical and ordinal variables were represented as binary valued quantities using one-hot encoding. The features and their corresponding nominal dimensions upon encoding are summarized in Table 1 . Not all dimensions listed in the table were in model development, due to their low variation across certain limited subsamples. 
Modeling and Analysis
The incidence of turnovers as a percentage of all plays from scrimmage is very low, around 1.6%. For this reason, the distribution of class labels y i in a training set T = {(x i , y i ), i = 1, . . . N} randomly sampled from the true population is highly skewed. Learning the parameters of a useful statistical estimator of turnover probabilityp(x i ) = p(y i = 1|x i ) suggests the use of specific learning techniques to avoid trivially predicting "no turnover" on every decision [12] .
To address this, the approach taken in this study was to re-balance the distribution of classes in the training set, over-representing the distribution of the minority class in order to present sufficient examples to the learning algorithm. During validation of the models, examples closely representative of the true distribution within the population were used to assess model predictive power when applied out-of-sample.
The modeling strategy included bootstrap resampling [13] , cross validation analysis, and receiver operating characteristic curve (ROC) analysis [14] . The latter technique enabled error estimation, model comparison and selection from the large number of hypotheses generated by the gradient boosting machines during training. ROC curves are often used to tradeoff false positive rate (FPR) and true positive rate (TPR) for evaluation of classifiers. In this study, the false discovery rate (FDR) was substituted for FPR for analysis. FDR is the fraction of all positive decisions (i.e., turnover predicted) made by a model that are incorrect [15] . FDR is a more informative metric than FPR in diagnostic or predictive applications where confidence in a positive prediction is preferred, especially when the class distribution is skewed [16] . FDR is related to the positive predictive value statistic by PPV = 1 − FDR. High PPV (low FDR) values are desirable. TPR denotes the sensitivity of the model, or the likelihood that actual turnovers events are detected within a testing distribution.
In ROC space (FDR,TPR), an optimal decision threshold DT opt is determined experimentally for a given distribution. Our objective is to minimize FDR for tactical reasons. A second pass through the training data with this fixed threshold is used to train and evaluate model performance. The gradient boosted model outputs a probabilityp; the turnover prediction algorithm is then [17] y
whereŷ(x) = 1 means a turnover will be observed given input x. Model learning for the aggregate sample used the "bootstrap" [13] to repeatedly draw samples from the entire training set. Data were partitioned according to the play type segment under consideration, and a stratified sample was constructed for training. The validation data were sampled at random from the entire sample, according to the natural distribution of turnovers. A two step procedure was followed, for each of B = 100 bootstrap replicates. The first step estimated the detection threshold (DT) for optimal FDR and TPR via ROC analysis, training GBMs comprising 1500 trees (nominally). Secondly, the threshold was held constant such that DT = DT opt and the entire sample was modeled again.
The learning procedure used for the team-wise samples was notionally similar, differing slightly in the numerical mechanics. Stratified sampling (with respect to the class labels y) of individual teams produced untenably small sample counts. This required an alternate sampling strategy. The decision was made to use 10-fold cross validation, nested within a 10-trial bagging procedure. Prediction rules were developed by finally averaging the performance results. Modeling therefore included all of the available instances, and benefited from the variance-reduction properties of bagging for model performance estimation [18] .
Performance statistics FDR(DT opt ), TPR(DT opt ) were accumulated and finally averaged over replicates B (or trials/folds k) to estimate the generalization performance of the ensemble of trees. Sampling distributions of the sample mean and standard error values for FDR and TPR observed in out-of-sample test were recorded for each sample and segment under investigation.
In this investigation, we define a "good" false discovery rate to be FDR < 0.15. In other words, a positive prediction made by the model (ŷ(x) = 1) is correct at least 85% of the time to meet this criterion of model utility. This means that when a turnover is predicted on the impending play from scrimmage, a high degree of confidence can be associated with that prediction.
A pseudo-code outline of the model training and evaluation procedure appears in the Appendix, as Algorithm A1.
Results
The main predictive modeling results of this paper are presented in Tables 2-5 . These tables list the sampling distributions of the sample mean and standard errors for observed false discovery (FDR) and true positive rates (TPR) on predicting turnovers for the sample data segments and event types considered. These are the primary statistics used to evaluate turnover prediction acuity. The results tables also include observed values for prevalence of actual turnovers (Prev.) and corresponding out-of-sample instance counts (N oos ).
We define a "good" false discovery rate to be FDR < 0.15. Tabulated results are annotated in green to highlight predictions meeting or exceeding this threshold for low FDR. True positive rates observed, where TPR > 0.60, are similarly noted in the tables.
Team-aggregated performance results are found in Table 2 . Model predictions by individual team and segment appear in Tables 3-5 . A synopsis of the important input variables contributing to the ensemble prediction for one of the samples studied is presented in Table 6 . Table 2 summarizes performance of models for the aggregate sample, for each of the three turnover event types considered. Low values of FDR are seen for each segment (6.4%, 8.3%, and 3.9% for Run or Pass, Pass and Run, respectively). For Run plays, the sensitivity TPR is seen to be 0.65, making this segment the most successfully predicted turnover event type in the sample.
Turnover Prediction Results-Aggregated
The results shown in Table 2 lend support to our hypothesis that turnovers are predictable in NFL football. Given an educated guess as to the expected play type from scrimmage, the GBM models have excellent positive predictive value in estimating turnover likelihood. 
Turnover Prediction Results-Team-Wise
Prediction results for team-wise samples of the Run or Pass segment are found in Table 3 . These statistics show that 20 of the 32 team models (62.5%) are observed to have FDR rates below the 0.15 goodness criterion as defined here. The best performing team model in terms of false discovery rate was for the New England Patriots (NE), where the sample mean FDR was 2.1%. Cleveland (CLE), Buffalo (BUF), San Diego (SD), Minnesota (MIN), Tennessee (TEN) and Seattle (SEA) each had FDR's of less than 10%. San Francisco (SF) produced the most frequent rate of false positives, at 26.9%. Note that the standard errors of the sample mean of the FDR statistic are a significant proportion of the sample mean value. This behavior is seen in nearly all of the turnover prediction results obtained in this study. Model sensitivity TPR is moderate in general, ranging from 40% to 50%. This statistic is considered less vital here than FDR, but is still important.
Details of modeling performance for Pass plays from scrimmage are presented in Table 4 . For this segment, 10 of 32 teams (32%) were associated with good turnover predictability as measured by FDR. The best precision was observed for Tennessee, where FDR = 0.077. New England had the highest false positive rate at 30%. The true positive rate of the method is seen to be generally low, in the 30% to low 40% range. Large standard errors of the predicted sample mean FDR are apparent in these results. Statistical performance of models trained on Run segment data is compiled in Table 5 . These models are seen to be less precise than observed for other segments, as 7 of 32 team models produced sample mean FDR's of less than 15%. It is clear that the overall sensitivity of the Run turnover predictions is very good, as 69% of the models (22/32) show true positive rates exceeding 60%. This observation is consistent with the "rolled-up" results shown in Table 2 , where the overall Run segment produces TPR = 0.65.
It is interesting to note that the lowest turnover prevalence by play type in the population (for run plays) is associated with the highest degree of model sensitivity in out-of-sample predictions. The disparity in realized false positive rates between Tables 2 and 5 could be, in part, explained by the absolute number of training observations available in the aggregate case versus the team-wise samples, where fewer examples in the latter may be insufficient to learn the joint distribution between input and output variables. 
Variable Influence
The relative importance of variables in the feature vector is estimated by gradient boosted machines [7] . This estimate is based on the increase in log likelihood of a decision tree as determined by non-terminal splits made on each variable; this likelihood improvement is summed over all trees in the ensemble to apportion that variable's contribution to the plurality decision.
The most and least influential variables for turnover predictions made for the aggregate sample are summarized in Table 6 . The most important features are last_pass_complete and last_pass_incomplete. These are boolean valued features describing the outcome of the last pass from scrimmage. The remaining highly influential variables make intuitive sense, describing the current game situation (time remaining, score differential, yards to go for a first down or score). Two seemingly trivial variables (is_pass and is_run) are consistent with the composition of the Run or Pass segmentation, and strongly influence the splitting pattern of the constituent trees.
Non-important variables include the quarter of the game (subsumed by time_left), the direction of a current run play, and plays immediately following special teams activity. 
Discussion
The hypothesis motivating this study was that turnovers in NFL professional football are predictable. Statistical models were trained to predict the likelihood of observing a turnover on a given play from scrimmage. Empirical data representing seven complete NFL seasons (2009) (2010) (2011) (2012) (2013) (2014) (2015) were used to train, test and evaluate the models.
Our machine learning results suggest evidence to support the hypothesis. Under certain conditions, both fumbles and interceptions can be anticipated at low false discovery rates (less than 15%). This means that when a turnover is predicted on the impending play from scrimmage, a high degree of confidence can be associated with that prediction.
The operational premise from the defender's perspective is that the impending play type (Run, Pass, Run or Pass) can be reliably estimated, using statistics (e.g., [19] ) or intuition, in advance of the ball snap. These three play type categories are the basis for data segmentation, and predictive models are developed for each in turn.
For coaching purposes, this approach may be useful during development of game plans, or to inform in-game strategies to mitigate the negative consequences of turnovers by an offensive team, or to maximize their probability by a defensive squad.
Turnovers occur for many reasons, both physical and mental. Interceptions are caused by many factors-tipped balls and errant passes miss their destination due to the pressure of a defensive pass rush; misreading the defensive scheme prior to the ball snap; excellent coverage downfield by defensive backs; lack of spatial awareness of players on the field. Fumbles can be produced by violent physical collisions; insufficient ball protection by the runner; defensive "stripping" of the ball during tackling; or quarterback sacks resulting in fumbles.
This investigation contributes to the sports science literature by demonstrating the predictability of in-game events often considered to be essentially random in their occurrence. To the author's knowledge, direct prediction of turnovers has not previously appeared in the literature, which has focused on retrospective statistical analyses of turnover margin in football games.
Quantitative Results and Observations
Two data samples were modeled to assess turnover predictability: an aggregate of all NFL teams, and 32 individual team samples. Seven full season-long records were used for all datasets. We define a "good" false discovery rate to be FDR < 0.15. A positive prediction made by a model (ŷ(x) = 1) is correct at least 85% of the time.
The GBM models to predict turnovers generally are characterized by high positive predictive value, and moderate sensitivity.
Predictive results for the aggregated sample (Table 2 ) exhibit low false discovery rates (FDR) for each play type segment (6.4%, 8.3%, and 3.9% for Run or Pass, Pass and Run, respectively). These measures reflect outstanding positive predictive value in estimating turnover likelihood. Run plays displayed the greatest sensitivity, with TPR = 0.65%.
Team-wise turnover predictions are summarized in Tables 3-5. For the Run or Pass play segment, three-fifths of the team models (62.5%) have FDR rates below the stated 15% goodness criterion. Sensitivities were moderate for all team models. This exemplifies the essential tradeoff between FDR and TPR in ROC space [14] , and follows from the present objective of minimizing FDR for strategic utility of the method.
Pass play results showed that one-third of team models (32%) had false discovery rates below the goodness threshold. TPR is in the 30%-40% range.
For Run plays, 22% of the team results displayed FDR < 0.15. Sensitivity of the turnover predictions is good, as 69% of the models (22/32) had true positive rates greater than 60%.
It is interesting to note that the lowest turnover prevalence by play type in the population (for Run plays) is associated with the highest degree of model sensitivity in out-of-sample predictions. The disparity in realized false positive rates between Tables 2 and 5 could, in part, be due to the absolute number of training observations available in the aggregate case versus the team-wise samples. Fewer examples in the latter may be insufficient to learn the joint distribution between input and output variables.
Extreme Events Modeling and Sports
Turnovers have a number of characteristics in common with "extreme" events produced by complex dynamical systems, which are inherently difficult to predict [6] . These attributes include the following: (a) Low occurrence frequency. Previous estimates found an average 2.9% of passes by NFL quarterbacks were intercepted [4] ; fumbles were turned over to the opposing team in 0.83% of all run and pass plays [20] . The present study covering years 2009-2015 shows average turnover rates of 2.4% and 0.6% for pass and run plays, respectively. (b) Intermittency. Turnovers appear to be random events. In one study, nearly equal parts luck and talent were proposed to account to year-over-year variations in turnover differential for a given team [3] . Within a season, NFL turnovers correlate weakly with prior game performance . A team with a strong season-to-date record of winning the turnover battle is likely to regress to the mean; conversely, teams losing in turnover margin at a point within a season tend to improve on this statistic moving forward [5] . (c) Costliness. A positive turnover margin in a given game is a significant predictor correlated with winning that game [2] . Teams with a unit valued positive turnover margin with respect to the opponent win the game 70% of the time [3] .
The methods developed here are informed by the nonlinear geophysical dynamics literature by framing the prediction as a classification task (e.g., [21] ), using game state and its recent history as precursors to learn the turnover event. A related investigation from the sports scientific literature suggested the predictability of within-game events and associated outcomes using dynamical process modeling [22] . In that study, researchers found patterns of tempo and in-game scoring that were common to many different sports (American football, hockey, and basketball). They suggest that these cross-cutting themes may provide insight into psychological processes that affect teams' performance in a general manner.
Standard Errors of Predictions
The statistics used to evaluate predictive performance reflect the sampling distribution of sample means and their standard errors, averaged over numerous replicates, folds and trials. It is observed that the standard errors for FDR are a significant fraction of the sample mean value. This holds true for most results obtained in this study. The standard error of the sample mean will decrease as 1/ √ n, where n is the sample size, according to the Central Limit Theorem.
Sampling Notes
This study centered on macro-level game data, to test the hypothesis "turnovers are predictable" in NFL football. Our samples aggregated over teams, and over players for team-level predictive models. In extensions to this work, player-level data could be included to build individual player models; such models may provide additional insights beyond descriptive statistical summaries of turnovers in current usage.
Turnovers related to sacks were excluded from consideration, mainly due to their negligible sample size relative to run and pass plays. Only 5.1% of sacks produce turnovers.
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Appendix A. Model Training Algorithms
The algorithm used to train and evaluate GBM models for NFL turnover prediction is sketched in the pseudo-code listing in Algorithm A1. This procedure was used for the aggregate sample (all teams, seasons [2009] [2010] [2011] [2012] [2013] [2014] [2015] . The scheme used for the teamwise samples is notionally similar. Details are described in Section 2.3. 
Algorithm A1
